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doi:10.1016/j.kjms.2012.04.005Abstract Current kinematic navigation systems provide real-time spatial analyses of leg
alignments during total knee arthroplasty (TKA) instead of delayed radiographic verification
after surgery. A prospective study was conducted to investigate leg alignments of TKAs that
underwent different surgical guidance [intramedullary (IM) jig-based vs. navigation-assisted]
using a kinematic navigation system. Since May 2007, patients admitted for primary TKA were
considered for inclusion. Within 6 months, 38 sets of intraoperative analyses on the operated
legs have been performed. Excluding seven unreliable data sets, 15 conventional IM jig-based
TKAs and 16 navigation-assisted TKAs were available. The leg alignments in maximum knee
extension were retrieved for comparison. Although similar final coronal alignments were accu-
rately achieved in both groups (0.21 valgus in the IM group vs. 0.17 valgus in the NA group,
pZ 0.993), a more flexed sagittal axis was constructed with conventional IM jigs (1.93 flexion
in the IM group vs. 0.58 extension in the NA group, p< 0.05). The study suggests that compa-
rable coronal precision could be achieved with conventional IM jigs by trained surgeons,
although computer-assisted navigation is a documented method to restore accurate align-
ment. Different sagittal alignments observed in this study indicate the inherent discrepancy
between different surgical guides as well as their according concepts.
Copyright ª 2012, Elsevier Taiwan LLC. All rights reserved.of Orthopedics, National Cheng Kung University Hospital, College of Medicine, No. 138, Sheng-Li Road,
osp.ncku.edu.tw, cyyang@mail.ncku.edu.tw (C.-Y. Yang).
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Correct alignment of the operated leg is crucial to a satis-
factory total knee arthroplasty (TKA) in terms of prosthetic
durability or long-term survival [1,2]. In the literature,
there are many reports verifying coronal leg alignments
after TKA using conventional plain radiography; moreover,
even the most used longstanding view is thought to be
error prone and a suboptimal evaluation tool to the
computer-generated images [3,4]. Certain inherent limita-
tions, including anatomical restriction, size of the film, and
distance of focus, alter the precision and reproducibility of
this modality.
In the past decade, a surgical device, computer-assisted
navigation, has been introduced to perform accurate
orthopedic procedures. In our past experience [5], the
strength of this device comes mainly from its fast, accurate
localization and real-time feedback. Unlike delayed verifi-
cation by postoperative radiographs, it is possible to
analyze the movements of limbs of interests in real time by
using this device, and even leg alignment of various TKAs.
To date, few studies have highlighted this potential [6,7].
The goal of this prospective study was to investigate leg
alignments of TKAs that were performed under different
surgical guidance [conventional intramedullary (IM) jigs
versus navigation-assisted program]. For the most favorable
literature about navigated TKAs, we hypothesized that the
procedures guided by navigation-assisted program would
achieve the most adequate limb alignment.Figure 1. A kinematic navigation system, OrthoPilotTM, was
used to verify real-time leg alignments during surgery.Materials and methods
Patients and implants
Between May and October 2007, all patients with advanced
osteoarthritis who were to receive primary TKA at our
institution were considered for inclusion. Exclusion criteria
included prior major surgery on ipsilateral lower limbs,
infection, knee stiffness, and patients who refused to
participate in the present study. The study was approved by
the Ethics Committee and informed consent was obtained
from all participants. The patients were divided solely
according to the integrity of the posterior cruciate ligament
(PCL), which was examined during surgery.
Two cemented knee-replacement systems, U2 knee
(posterior-stabilized; United Orthopedic Co., Taiwan) and
e.motion (cruciate-retaining; Aesculap, Tuttlingen,
Germany) were available according to different status of
the PCL of the operated knee. Both devices require hori-
zontal bony preparation on the proximal tibia (0 slope).
Operative technique
All index procedures were performed by the same surgeon
(C.-Y. Yang) under spinal anesthesia and tourniquet control.
The knee was exposed through a medial parapatellar
approach with an anterior midline skin incision in the knee
extension. The operator routinely removed the most
extruding osteophytes and released the contracted ante-
romedial tibial sleeve, and then installed instruments of animage-free kinematic navigation system (OrthoPilot;
Aesculap) (Fig. 1). For tracking the involved extremities,
the signal-emitting optical reference devices were attached
to dual bicortical screws in the distal femur and proximal
tibia within the serrated stabilizing sheaths (Fig. 2). During
the step of registration, some passive movements of joints
(hip, knee and ankle) were performed on the kinematic
basis, and then a verifying palpation of anatomical land-
marks of interests (i.e., attachment of PCL, epicondyles,
tibial eminence, plateau, and malleoli) was carried out with
a calibrated optical stylus to establish a virtual coordinate
system for later assessment. After registration, the oper-
ator proceeded with the next surgical step according to the
allocated surgical methods. For the PCL-intact knees, suit-
able for cruciate-retaining prostheses, the surgical steps
followed the algorithm of navigation-assisted TKA
(OrthoPilot version 4.08; Aesculap), while in PCL-
insufficient knees, a conventional manual implantation of
posterior-stabilized components was performed, and the
desired proximal tibial and distal femoral cuts were
executed with IM devices according to the angles deter-
mined on preoperative long-leg radiographs.
After implantation, the surgical wound was copiously
irrigated and completely repaired without postoperative
drainage. The tourniquet was deflated after applying
compression dressing. All patients followed the same
rehabilitation protocol and received the standard pain
control regime to alleviate postoperative discomfort.
Intraoperative kinematic assessment
To analyze lower limb alignments during surgery, this
imageless navigation system integrated an active optical
Figure 2. (A) A bicortical screw together with a serrated
stabilized sheath constructed the reference frame; (B) after
connection with the active optical transmitter.
Table 1 Similar demographic data of each group.a
Group IM Group NA
No. of patients 15 16
Mean age (yr) 74.8 (62e86) 70.6 (59e77)*
Side (right/left) 7/8 7/9
Sex (female: male) 11:4 13:3
Mean BMI (kg/m2) 26.9 (20.2e32) 27.8 (24.0e34.9)
Preop Oxford
Knee Score
40.2 (29e51) 41.8 (31e51)
Mean preop ROM 96.1 (70e130) 90 (55e105)
a Data presented as mean (range), where appropriate;
*p< 0.05, t test.
BMIZ body mass index; ROMZ range of motion.
486 C.-W. Chang et al.motion capture system (Polaris Hybrid; Northern Digital
Inc., Waterloo, Ont, Canada) with kinematic-based soft-
ware. With infrared signals from optical reference frames
recognized by a receiver, the relative positions of the
attached bones were calculated by a computer, and then
a real-time spatial analysis based on the constructed virtual
coordinate system was available. The successive leg align-
ments (hipekneeeankle angle) at different surgical stages
were prospectively measured and recorded at the following
time points: completion of registration (initial deformity
before major bony cuts); after trial setting (alignment with
trials); and after prostheses implantation (final mechanical
axes). To maintain consistency, all verifications were per-
formed by the same researcher (C.-W. Chang).
Statistical analysis
Although the navigation system offered possible analysis of
the operated leg in different postures, only the overall leg
alignments in maximum knee extension, simulating clinical
standing and most evaluated by radiographic studies, were
retrieved and compared. Related data were analyzed using
analysis of variance, Student t test, ManneWhitney U test,
and c2 test, as appropriate. Statistical analysis was per-
formed using SPSS 14.0 software for Windows (SPSS, Inc,
Chicago, Illinois, USA). For all determinations, a p value <
0.05 was considered significant.
Results
Within 6 months, 38 intraoperative kinematic analyses were
performed on six male and 28 female patients aged 59e86
years. Seven unreliable measurements had to be excludedfor insecure frames with loosening of affixed screws (on the
femoral side in 5 cases and on the tibial side in 2 cases).
Among the remaining 31 knees, 15 underwent conventional
IM jig-based TKAs (IM group) and 16 underwent navigation-
assisted surgery (NA group). Demographic features of each
group are summarized in Table 1. No statistical difference
with regard to gender distribution, body mass index, diag-
nosis, functional score, except the age was noted between
the 2 groups.
On the basis of spatial measurements, the leg align-
ments with an identical posture were expressed in coronal
and sagittal values (Fig. 3). The successive leg alignments
at various stages are summarized in Table 2. Similar coronal
and sagittal alignments of both groups demonstrated
compatible deformities before bony preparations (e7.29
vs. e6.08, pZ 0.477; e6.86 vs. e7.25, pZ 0.834). In both
groups, leg alignments in coronal plane remained similar
even after the final implantation (p Z 0.933), and no
outlier exceeding 3 valgus/ varus was found.
In contrast, leg alignments of each groups in saggital
plane became different as surgery proceeded; persistent
flexed and extended sagittal alignments were respectively
kept in the conventional jig-based group and navigated
TKAs (Table 2). The final sagittal alignment of the IM group
was constructed in a more flexed manner than that of the
NA group (e1.93 2.19 vs. 0.58 3.06, pZ 0.020),
whereas a similar deviation (based on the absolute value)
from the straight axis was observed (pZ 0.503). Also, there
were more flexed outliers (defined as sagittal alignment
that exceeded 3 flexion) noted in the IM group (5 cases vs.
1 case), whereas three sagittal outliers in extension were
noted in the NA group. According to these above mentioned
data, our initial hypothesis that navigation-assisted proce-
dures would provide the most adequate alignment was not
supported.
In this series, no perioperative or delayed complications
such as infection, periprosthetic fracture, thromboembo-
lism, and compromised wound healing, were reported.
Discussion
Proper axial alignment of the operated leg is essential for
successful TKA and prosthetic durability [1,2].With accurate
and reproducible leg alignments as well as component posi-
tions, computer-assisted navigation has gained increasing
Figure 3. Based spatial analysis from the navigation system;
leg alignments with an identical posture were expressed in
coronal and sagittal values.
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date, most supportive studies have proved the superiority of
navigation-assisted procedures using postoperative radiog-
raphy,which is a delayed-feedback and suboptimal approach
to evaluate the exact desired varus and valgus setting.
With the integrating high-precision optical tracking
device and developed software, documented to be accu-
rate to 1e2 mm or < 1 [8,9], current navigation systems
would be an ideal tool for accurate assessment without
additional radiation exposure. However, the application of
current navigation systems to validate intraoperative leg
alignments has not been frequently reported. Thus, this
study aimed to investigate mechanical axes of various TKAs
with a kinematic navigation system during surgery. In 2003,
Stulberg et al. [6] reported the sagittal and coronal accu-
racy of the bony resection cuts on a series of 20 primary
conventional IM instrumented TKAs with the same naviga-
tion system; however, a previous version of the software
was used and no control group was included. To date, thereTable 2 Intraoperative kinematic analyses of leg alignmenta
OrthopilotTM (Aesculap, Germany).
Group IM (nZ 15)
After registration
Coronal alignment (deg) 7.29  4.34
Sagittal alignment (deg) 6.86  4.01
After trial setting
Coronal alignment (deg) 0.57  1.60
Sagittal alignment (deg) 1.00  3.16
After implantation
Coronal alignment (deg) 0.21  1.12
Sagittal alignment (deg) 1.93  2.19
* t test; **statistical significance was established at p< 0.05.
a Data presented as mean standard deviation; to facilitate expres
value and valgus in positive value; similarly, flexion tendency in sagithave been few comparative studies using intraoperative
kinematic assessment.
In the literature, most studies have emphasized the
prolonged survival rate of components within an adequate
range of leg alignment on postoperative radiographs
instead of individual positions of components. Fang and
Ritter [10] have reported that overall anatomical alignment
is a better predictor of overall survival than tibial compo-
nent alignment. In the present study, accurate coronal leg
alignments were achieved in each group without outliers
exceeding 3 of varus/valgus deviation. In spite of different
surveying tools, our result was in agreement with those of
Mielke et al. [11] and Jenny and Boeri [12], who have re-
ported no significant difference between these two surgical
methods, by postoperative radiographic evaluation. Even
with the most accurate three-dimensional CT evaluation,
Kim et al. [13] and Oberst et al. [14] have reported
consistent results.
Although comparable surgical precision in both groups
was indicated by similar deviation in the present study,
there were relative flexed alignments in the sagittal plane
observed in conventional IM jig-based TKAs. This result
also correlates well with studies using postoperative
radiological images, which have reported that the navi-
gated femoral components were placed in more extension
[13,15,16], while we indirectly demonstrated this with
intraoperative kinematic analysis.
Theoretically, the orientations of contributing femoral
or tibia components should affect the sagittal alignment
in an individual or collective manner. Due to the lack of
fitting devices to check the implanted prostheses, most
navigation systems only offer their users an overall leg
alignment after implantation instead of individual positions
of components. Thus, there was a concern about the major
source responsible for the discrepancy in sagittal alignment
observed in our study. Based on our past experience [5] and
a further radiographic investigation with postoperative
images, a consistent setting of tibial components in the
sagittal plane was observed in spite of various surgical
methods (89.6 2.22 vs. 89.2 2.49, p> 0.05), which
persuaded us that the discrepancy mainly comes from the
sagittal orientation of femoral components resulting from(mechanical axis) using an imageless navigation system,
Group NA (nZ 16) p value*
6.08 4.10 0.477
7.25 5.43 0.834
0.64 2.20 0.126
0.55 2.62 0.205
0.17 1.70 0.933
0.58 3.06 0.020**
sion, varus deviation in coronal plane was expressed in negative
tal plane was considered as negative and extension as positive.
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that different femoral starting points result in variable
sagittal alignment but similar coronal axes with CT scan
data. In conventional TKAs, most components are implan-
ted with reference to the neighboring anatomy, whereas
in navigation-guided procedures, the components are
implanted based on the constructed mechanical axis. Thus,
the inherent guiding designs and according concepts of IM
guide and mechanical-axis-based navigation programs
account mostly for the differences. In addition, common
anatomical variations involved in the operative field, such
as anterior femoral bowing, are expected to enhance the
surgical discrepancy in the sagittal plane [18]. However,
there were only a few deformed femurs involved in the
present study (1 in the IM group vs. 2 in the NA group), and
we believe that the anatomical factors affect the measured
alignment to a lesser extent.
In navigation-assisted surgery or evaluation, surgeons
should be aware that computerized navigation is not totally
failsafe. In fact, the performance of navigation systems
highly depends on the stationary optical references and
precise registration. Without them, the accuracy of the
whole system and even the subsequent algorithm will be
compromised. Similar problems in tracker anchoring have
been reported [15,19]. We noted a high incidence of inef-
fective measurements from unreliable reference arrays
(7/38; 18.4%) in this study, which indicated that the fixation
of the construct with bicortical screws, together with the
serrated stabilizing sheath in the relatively osteopenic
region, was insufficient to prevent the rotation or swaying
from soft tissue violation. Even with improved anchoring
devices and techniques [20,21], repeated prudent exami-
nation for stable optical references is imperative to main-
tain the effectiveness of this surgical device.
Currently, there are two fundamental types of naviga-
tion for TKA, image-based and image-free (kinematic)
systems. Reliable and consistent alignment can be obtained
using each method. However, anatomical variations, such
as inherent bony bowing or traumatic deformities, should
be taken into consideration even in the navigated TKAs.
These anatomical factors may either alter accurate regis-
tration in image-based navigation, or induce undesirable
anterior femoral notching [18] or oversized femoral
components [22] in image-free kinematic-based models
without preoperative planning.
We acknowledge some evident limitations of this study,
including a limited sample number, selection of different
implanted designs, and even inclusion of less deformed
knees, which may have contributed to the different results
compared to most supportive studies for navigated TKAs.
However, the same requirements of major bony cuts for
both implantations, similar dealing with soft tissues by the
same surgeon, and the well-matched demographic features
in both groups helped to reduce possible bias. Thus, we
believe that similar surgical precision to the current
navigation-assisted algorithm can be achieved with the
conventional IM jigs by experienced surgeons, based on
equivalent deviation of each group observed in this study.
Only a large group of patients or extreme deformities
exceeding the surgeon’s ability will manifest the superiority
of navigation-assisted procedures in terms of accuracy and
reproducibility.In summary, this preliminary study used intraoperative
kinematic analyses to verify leg alignments of TKAs that
were undertaken with different surgical guidance. Based on
the measured leg alignment, this study suggests a compa-
rable coronal precision of conventional IM guides by trained
surgeons, although computer-assisted navigation is a docu-
mented method to restore accurate alignment. Besides,
different sagittal alignments observed in various TKAs
indicates the inherent discrepancy between different
surgical guides as well as their according concepts.References
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